This article modifies the conventional two-stage DEA model to construct an analytical model for energy-related efficiency with undesirable outputs. Our proposed model relaxes the constraint that the inputs of the second process must come from the first process. As a result, our proposed model is more flexible than the original model in terms of the application of energy-related efficiency measurement analysis, and more policy implications may thus be provided by the decomposition of efficiencies for different processes. For demonstration purposes, the proposed model is applied to measure the energy use efficiency and the economic efficiency of 28 OECD countries during 2005 to 2007. The demonstration results reveal the following three findings. First, the average values of energy use efficiency are smaller than those of the average economic efficiency during the three-year period. It is shown that the OECD countries are only interested in economic development and are not concerned about energy use efficiency. Second, a tradeoff relationship exists between energy use efficiency and economic development for the OECD countries. Third, the differences of the initial carbon dioxide (CO 2 ) emissions from the optimal CO 2 emissions as well as the average economic efficiency increase year by year. These results indicate that the OECD countries still discharge too much CO 2 . Finally, this article establishes a managerial decision-making matrix to divide 28 OECD countries into different positions according to their energy use and economic efficiencies, and provides improvement suggestions to policy makers.
INTRODUCTION
The Industrial Revolution facilitated national economic development and improved the material life of the people, but at a cost reflected by the excessive depletion of natural resources and a failure to protect the Earth's environment. Humankind gradually began to be concerned about the issue of sustainable development as abnormal climate change started to manifest itself all over the world. In recent years, more and more scientific evidence has verified that the reason for the global warming is primarily the anthropogenic emissions of greenhouse gases. In order to reduce the impact from the global warming effect caused by greenhouse gas (GHG) emissions, many countries worldwide in 1992 signed the United Nations Framework Convention on Climate Change (UNFCCC) in Rio de Janiero, Brazil, and 38 of them went on to sign the Kyoto Protocol in 1997, which required all signatories to reduce GHG emissions between 2008 and 2012 (a.k.a., the first stage of emission reduction) to an average of 5.2% below the 1990 level.
GHGs are mostly generated from the energy conversion of fossil fuels, which are also the driving force behind the economic growth. Therefore, a reduction in fossil fuel energy use would reduce GHG emissions but would also be accompanied with a slowdown in economic growth as prices increase with no changes in production technology and efficiency (Yu and Choi, 1985; Tonn, 2003) . That is why some countries remain uncommitted regarding the reduction in carbon dioxide (CO 2 ) emissions. As a result, the issues in how to take into consideration of both economic growth and sustainable development have caught the attention of academics in recent years (Lin et al., 2012; Liu et al., 2013) .
To formulate effective environmental economic policies, extensive studies have been conducted to investigate the economic impact resulting from a reduction in GHG emissions. From a methodological perspective, various alternative approaches have been developed to measure the trade-off effect between environmentally harmful byproducts and economic performance for different types of decision-making unit (DMU). Among these approaches, the production efficiency measurement with undesirable outputs to evaluate economic performance takes the undesirable outputs of the production process into account based on the theory of production economics, so that more policy insights into the improvement of the resource utilization efficiency in the production process could be provided (Dyckhoff and Allen, 2001; Zhou et al., 2006; Zhang and Yongrok, 2014) . Thus, this approach has been regarded as a useful tool for evaluating the performance of a DMU in an economic-environmental context.
Conceptually, efficiency measurement with undesirable outputs is based on an environmental index constructed from the distance function and directional distance function. A specific DMU would be defined as performing better than others in terms of efficiency if it were to produce more desirable outputs (e.g., economic outputs) and less undesirable outputs (e.g., pollution) during the production process. Both the distance function and directional distance function are applied on the basis of quantitative data without any price data requirement, and there is no need for any assumptions to be imposed on the functional form of the production function. Such functions have been widely applied in the previous economic-environmental efficiency measurement studies (Chung et al., 1997; Zaim and Taskin, 2000; Dyckhoff and Allen, 2001; Lee et al., 2002; Färe et al., 2005; Ramanathan, 2005; Lozano and Gutiérrez, 2008; Zhou et al., 2008; Lozano et al., 2009; Sueyoshi and Goto, 2010; Zhou et al., 2010; Chiu et al., 2012) . However, since the directional distance function does not take account of random factors, the efficiency evaluation of the method is easily affected by exceptional values. Accordingly, another method (called stochastic frontier analysis) was proposed by Aigner et al. (1977) and it has also been applied to the fields of energy and environmental efficiencies (Zhou et al., 2012; Wang et al., 2013) . Wang et al. (2013) integrated the directional distance function with stochastic frontier analysis techniques to estimate the total factor CO 2 emissions performance index.
The majority of the previous studies on the economicenvironmental efficiency application of DEA only discussed a one-stage evaluation process and assumed a black box production system. Therefore, in order to take a closer look at the production process that was based on the energy-related efficiency context, at least two stages (sub-processes), i.e., energy use and economic output generation, could be identified and different management insights were raised accordingly. However, the efficiency measurement using the distance function and directional distance function in the existing literature was usually based on the inputs, desirable outputs, and undesirable outputs being only able to be reduced to a single solution process. Further decomposition of the efficiency into energy use efficiency and economic efficiency was not allowed due to the type of model structure.
Some previous studies have divided the production process into two stages (Seiford and Zhu, 1999; Färe and Grosskopf, 2000) . These studies, however, assumed that the production process of each stage was not interrelated and, thus, independently measured the production efficiency for each stage. This assumption does not conform to the reality because the production stages are not entirely independent of each other. Consequently, in order to take the attribute of compound production processes mentioned above into account in an efficiency analysis framework, Chen and Zhu, (2004) proposed a two-stage data envelopment approach (DEA) model, a.k.a., the CZ model, to measure the efficiencies of decision processes which can be divided into two stages. According to the concept of the CZ model, the first stage (i.e., intermediate process) of the production processes uses inputs to generate outputs and then the outputs of this stage become the inputs of the second stage (i.e., the final process). As a result, the efficiencies of the initial stage and final stage could be estimated simultaneously through solving a linear programing problem. Afterwards, the relational two-stage DEA model was proposed to measure the technical and scale efficiencies of the entire process and the two sub-processes Hwang, 2008, 2011) . Although the CZ model has the advantage of dealing with the issue of the efficiency measurement of multiple production processes, the limitation of the original CZ model is that the outputs of the first stage are restricted to equaling the inputs of the second stage, an assumption that is not usually common in real situations.
Given the above-mentioned background, this article modifies the conventional two-stage DEA model proposed by Chen and Zhu (2004) (CZ model) to construct an analysis model for energy-related efficiency with undesirable outputs. The proposed model in this article inherits the attributes of the two-state CZ model and thus is allowed to measure the energy use efficiency and economic efficiency in the twostage DEA context. Aside from that, this proposed model relaxes the constraint that the inputs of the second stage could only come from the first stage. As a result, the proposed model is more flexible than the original model when it comes to applying energy-related efficiency measurement analysis and more policy implications could thus be provided from the decomposition of efficiencies into different processes. For illustrative purposes, the proposed model is applied to measure the energy use efficiency and economic efficiency of 28 OECD countries during the years 2005 to 2007.
The remainder of this article is organized as follows. Section 2 illustrates the technical details of the proposed model. Then the data sources and the results of the empirical analysis are presented in Section 3. Finally, Section 4 summarizes the conclusions.
METHODOLOGY
Conventional DEA is believed to be capable of fully explaining the efficiency of a DMU by analyzing the relative efficiencies of inputs and outputs. However, DEA cannot fully reflect the DMU's managerial information that forms part of the production processes. Accordingly, the conventional DEA frequently ignores the influence of intermediate procedures, and thus cannot detect the efficiency of individual processes. Consequently, Chen and Zhu, (2004) ., , The energy use efficiency of the first stage is defined as α (the input-oriented efficiency), if the efficiency that is equal to the unit representing DMU k is efficient in the first stage. Otherwise, the efficiency could be between zero and that unit, and the unit that represents the DMU k is inefficient. The economic efficiency of the second stage is defined as β (output-oriented efficiency), if the efficiency is equal to the unit that represents DMU k and is efficient in the second stage. Otherwise, the efficiency could be more than the unit that represents DMU k as being inefficient. The intermediate 
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Data Sources
The Fig. 2 . The variables for real capital formation and real GDP are deflated by the consumer price index (CPI) in the year 2000 to eliminate the price effect.
Results and Analysis
The energy use efficiency and economic efficiency for 28 OECD countries are computed by applying the modified two-stage CZ model and are shown in Table 1 . The second, fourth and sixth columns in Table 1 Table 2 lists the results regarding the differences between the initial and optimal CO 2 emissions. The initial CO 2 emissions represent the observations of the raw data for the period from 2005 to 2007, and the optimal CO 2 emissions are calculated using the modified two-stage CZ model. The difference is the optimal CO 2 emissions minus the initial CO 2 emissions. Seven of the 28 OECD countries do not change their CO 2 emissions, namely, the United States, Japan, the United Kingdom, Norway, Sweden, Iceland and Switzerland, during the three-year period. The remaining OECD countries should have reduced their CO 2 emissions to achieve the energy use efficiency and economic efficiency. From the results of Table 1 and Table 2 , we discover the differences of the initial CO 2 emissions from the optimal CO 2 emissions as well as the average economic efficiency are shown to increase year by year. 
Analysis of the Optimal CO 2 Emission
Managerial Decision-Making Matrix
After evaluating the modified two-stage CZ model, this study designs a managerial decision-making matrix to provide an improvement direction to the policy makers of 28 OECD countries according to the results of energy use and economic efficiencies, as shown in Fig. 3 .
In Fig. 3 , each of the horizontal and vertical axes has two end values above and below the median efficiency, respectively. In Fig. 3 , according to the energy use and economic efficiencies, the 28 OECD countries can be divided into four quadrants: leader, economic development, follower, energy conservation quadrants, which are discussed in detail as follows.
Leader quadrant: The countries in this quadrant perform relatively well in both energy use and economic efficiencies, which include 11 countries, such as United States, Japan, Germany, France, UK, Italy, Denmark, Ireland, Norway, Iceland and Switzerland. These countries should constantly maintain economic development and energy conservation advantages.
Economic development quadrant: The energy use and economic efficiencies of the countries in this quadrant are simultaneously below median. Two countries, i.e., the Netherlands and Sweden, belong to this quadrant. These countries should learn the energy conservation technique of the countries at the leader quadrant to reduce their energy consumption capability. Follower quadrant: The countries in this quadrant possess simultaneously energy use inefficiency and economic inefficiency. The quadrant contains 12 countries, including Canada, Australia, New Zealand, Belgium, Greece, Portugal, Turkey, Mexico, Czech Republic, Hungary, Poland and Slovak Republic. Initially, it is suggested that these countries should focus on either energy use or economic development strategies to achieve a short term improvement.
Energy conservation quadrant: These countries show relatively energy use efficiency, but have less economic development ability than others. Three countries, i.e., Spain, Austria and South Korea, belong to this quadrant. This study suggests that these countries should refer the economic development strategy of the countries at the leader quadrant to promote its economy. 
CONCLUSIONS
The previous literature on the evaluation of the applications of energy use efficiency has only discussed a one-stage evaluation process and has usually ignored the impact of energy use on economic development. Therefore, the primary purpose of this study is to explore the possible relationship between energy use efficiency and economic efficiency. In addition to the two-stage efficiency measure, this study defines the optimal CO 2 emissions via the modified twostage CZ model.
Energy consumption is regarded as the input of the first stage while the intermediate output is CO 2 emissions. The inputs of the second stage are the labor force, real capital formation and CO 2 emissions, while the final output is real GDP. The empirical results lead to the following three findings. First, the average values of energy use efficiency are smaller than the average economic efficiency during the three-year period. The results show that the OECD countries are only interested in economic development and have little regard for energy use efficiency. The high performance in terms of energy use efficiency does not ensure high economic efficiency as shown in the cases of Japan, Germany, France, the United Kingdom, Italy, Norway, Sweden and Switzerland. Second, we observe the existence of a tradeoff relationship between energy use efficiency and economic development for the OECD countries. This is evidenced by the energy use efficiency becoming better as the economic efficiency becomes much worse. Then, the differences of the initial CO 2 emissions from the optimal CO 2 emissions as well as the average economic efficiency are found to increase year by year. This result indicates that the OECD countries still discharge too much carbon dioxide. Finally, this research designs a managerial decision-making matrix by the results of energy use and economic efficiencies. The OECD countries are divided into four groups according to the managerial decision-making matrix, and the improvement suggestions are provided to the policy makers of OECD countries. 
